Abstract. The subject of this study is performance of N2/W4/A steel road safety barrier investigated in numerical simulations. System was checked under several types of initial conditions, which were assumed basing on the TB11 and TB32 normative crash tests. The main goal of present study is to investigate the relationship between initial conditions (angle and velocity) of the impact and the severity indices (associated to the vehicle occupant) during the collision. Obtained performance parameters and impact severity indexes may be considered reasonable. Results of the simulations facilitates the deep insight into vehicle crash mechanics phenomena.
Introduction
Steel barriers of various types (including variety of rail and post shapes, post spacing, barriers heights) are commonly placed on Polish roadsides to protect vehicle from leaving the road and ensure the safety of vehicles occupants or protect objects beside the barrier. Great effort is made by road management and road safety equipment manufacturers to find balance between effectiveness, quality and economic aspects in barrier placing and maintenance problems. Research projects RID 3A "Road Safety Equipment" and RID 3B "Life Cost Analysis of Road Safety Equipment" deal with selected problems in this area, present work consist of numerical analysis which are auxiliary tool in the process of preparing new guidelines for placement and maintenance of road safety equipment.
Therefore, it is justified and unavoidable that the analysis of the mechanics of vehicle collision with the barrier is conducted on the advanced computer aided programs. Such programs are used commonly in many solving many types of engineering problems. Finite element method (FEM) plays crucial role in simulating crash tests and their violent and highly nonlinear nature. One of the possible choices of the FEM system is LS-DYNA [1, 2] Since their application to ensuring the safety of vehicle occupants, computer simulations of crash test events have to follow specified requirements for full-scale crash tests experiments which can be found in standard [3] . Additional literature concerning numerical simulations have been published in 2012 [4] . Validation procedures have been specified there and precise conditions which numerical simulation must fulfil are listed. The subject of crash tests numerical modelling has already been widely described in the literature [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] .
Up to date, in Poland permissible speed for vehicles under 3.5 tons on highways equals to 140 km/h. Tests under such a conditions are not required by the standards [3] , therefore they are rarely conducted. In this case nonlinear finite element analysis can be a great support for the engineers to predict the possible scenario of a collision. Especially, the high velocity accidents are most dangerous and then the guideway's breakage must be taken into consideration. The most obvious place that is exposed to this type of event is the bolted connection between adjacent guideways. Couple of papers concerning the topic of modelling bolted joints have been published already [15] [16] [17] [18] [19] [20] .
The subject of this study is N2/W4/A steel road safety barrier which is shown in fig. 1 . The barrier used in simulations was 60 meters long with 14-meter section mounted in the ground. Appropriate performance parameters along with impact severity indexes [1] were gathered during the analyses. System was investigated for the behavior under several types of initial conditions, which were assumed basing on the TB11 and TB32 normative crash tests [1] .
During this work efforts were made to present reliable results for various types of crash tests. Therefore, the numerical model used in this paper positively passed validation procedures according to British Standards [4] . The main goal of present study is to investigate the relationship between initial conditions (angle and velocity) of the impact and the severity indices (associated to the vehicle occupant) during the collision, simulated in virtual environment of the LS-DYNA FEM system. In addition, the influence of the initial conditions on the performance parameters of the steel road safety system N2/W4/A are studied. Other important features of the study is to give insight of the crash tests cases, which are not required by the European Standards.
The paper is organized as follows Section 2 gives a brief description of the methods used in order to obtain a reliable results that are included later in section 3. The last section summarizes the work and contains general conclusions. 
Method
First step of the model preparation is a proper recreation of the model's geometry. Then the finite element meshing should be performed, with average element size about 10-15 mm. Fully integrated shell elements formulation (element formulation 16) were used with 5 points on thickness integration, with the shear correct factor equal to 5 / 6 . Sample of the FEM models with the names of parts for this particular barrier type are shown in fig. 2 . According to the standards, bolt holes in the barrier parts may be omitted, when they have relatively small dimensions [2] . Thus, barrier elements were connected with two types of connections. Adjacent barrier guideways bolt connection were modelled using discrete beams [1, 2] . This approach was introduced and used with success in several papers concerning crash tests numerical simulations [9, 11, 20] LS-DYNA's material law used for the bolts in the model is *MAT_NONLINEAR_PLASTIC_DISCRETE_BEAM. In general it acts as a cluster of 6 springs operating with adequate stiffness, assigned to the directions of degrees of freedom in each of the beam nodes. Material data was acquired during bolt connection laboratory test. Simplified approach was used in the connections between the extension arms and the guideways as well as the extension arms and posts. In order to connect mentioned above elements LS-DYNA's spot welding technique was used [1, 2] . Every spot weld consists of 4 hexahedral constant stress solid elements with the *MAT_SPOTWELD material law. Material data for the bolts in connection was gathered in laboratory tension tests. According to the good engineering practice the data for *MAT_SPOTWELD was assumed as a weaker from the two data series of the connecting parts.
In present research, ground was modelled using hexahedral constant stress elements. In order to prevent negative volume error occurrence adequate size elements were used ( fig. 3 ) along with dedicated *CONTACT_INTERIOR logic. Parameters for the material model of soil were assumed according to the literature [21, 22] . One global contact was set along with additional friction definition for the tiresasphalt interaction. In order to prevent the unwanted hourglass energy to occur the Flangan -Belytschko stiffness form of hourglass control was used [1, 2, 23] In order to get a reliable results for the numerical crash tests the model validation is obligatory. There are specified criteria that have to be fulfilled before performing additional parametric analyses. The normative papers that are mandatory in most European countries are British Standards [4] . Another are American recommendations that include more restrictive requirements [24] and suggest using free third party software based on ANOVA and MPC [25, 26] Most of the requirements were fulfilled by the presented numerical model of the steel barrier N2/W4/A. It should be noted that the same barrier model has passed both validation procedures for TB11 and TB32 [3] crash tests. Exemplary crash test result is shown in fig. 4 . The comparison of the full scale barrier with the numerical model can be seen in fig. 5 . Parametric analysis was performed for the two types of vehicles: Geo Metro (900 kg) and BMW (1500 kg), see fig. 6 . They were put into simulations with variating initial conditions of the impact e.g.: initial velocity and impact angle. 
Results
The calculations of the total number of18 numerical simulations have been carried out at the Academic Computer Centre in Gdańsk, Gdańsk University of Technology. All of them were completed successfully, namely led to stable solution without numerical issues like "shooting nodes" or non-physical deadlock in contact. Two types of vehicles: Geo Metro (900 kg) and BMW (1500 kg) were used with the variating initial impact conditions set. Appropriate performance parameters of the barrier were acquired according to the normative requirements [3] . Impact severity indexes were calculated basing on the accelerations gathered by the accelerometer mounted in vehicle's center of gravity [3] .
General course overview of the two types of initial conditions for the Geo Metro tests is shown in fig. 7 . As expected, as initial kinetic energy raised, deeper and wider deformation was observed. Additional results views for the comparison are shown in fig. 7 and fig. 8 .
Another exemplary results for different vehicle type were shown in fig. 9 . This time they concerned the BMW 20 crash test for velocity equal to 110 / km h and 140 / km h . Results of the numerical simulation show that the barrier may brake under the described initial conditions. However, it should be noted that according to the simulation results this phenomena may occur only under extreme initial conditions. All set of the results are collected in the table 1. Additional graph shows the magnitude of working width with respect to initial kinetic energy are placed in fig. 10 . 
Conclusions
Results included in this paper show the exemplary usage of numerical simulations as a supplementary tool for solving engineering problems. Modelling process of the steel road safety barrier was briefly discussed. Wide range study of initial parameters in TB11 and TB32 test was performed. Results show, that performance parameter of barrier (working width) depends on initial kinetic energy of passenger car, rather than it's weight.
